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This paper presents a unique method to cancel the backlash present in geared drive systems and thrust-wire systems.
Large-sized robots need larger actuators with a high inertia to obtain the desired amount of torque. However, the use of
large actuators will increase the eﬀect of gravity. To compensate for the gravitational eﬀect, motors with a high torque
are again necessary. Therefore, geared drive systems are used to obtain higher torques and decrease the actuator size.
However, adding gears will create a backlash problem. Moreover, when it is necessary to make lighter robots, thrust
wires can be used to transmit the motion from the motor to the end eﬀector while keeping them separated. However,
the mechanical backlash inside the thrust wire is again a matter of concern. If geared systems and thrust-wire systems
are used for the transmission of haptic information in bilaterally controlled systems, the backlash will greatly deteriorate the performance of the system and necessitate compensation. Therefore, a novel method is proposed to uniquely
cancel the backlash in the gears and thrust wires used in bilateral teleoperation with twist control. This method uses
two identical counter-operating drives per joint to compensate for the backlash eﬀect with a unique control structure
that can be used in both geared systems and thrust-wire systems. Experiments have been carried out for the proposed
method to validate its accuracy.
Keywords: backlash compensation, haptics, bilateral control, geared drives, thrust wires, teleoperation

1.

When considering the gear backlash compensation, some
attempts have been made by various researchers to achieve it.
Yi Ling et al. (6) and Chao He et al. (7) have attempted to compensate the backlash by diﬀerent modeling methods, however their approaches mainly depend on the accuracy of the
modeling. Sensor-less backlash compensation by considering the impulse generated at the point of meshing to determine the instance of gear meshing has also been studied (8) (9) .
However this may result in some undesired decisions when
the impulse is generated from the load side. Kolnik et al. (10)
and several other researchers (11)–(15) have attempted to make
a compensation to the gear backlash by treating it as torque
disturbance, but a complete elimination of backlash has not
yet been realized. Control methods with the use of multiple
drive units have been used by some researchers to compensate the backlash (16) (17) . How ever the presence of several redundant motors will eventually make the system bulky making it unsuitable for the applications related to haptics. Simulation based approach to treat the backlash has also been
attempted by some other researchers, however in their approach, the friction inside the system is increased (18) . Several
other approaches made in the literature for compensation of
backlash have not been able to completely eliminate the backlash problem (19)–(21) . To overcome this problem mechanically,
a special type of gears called zero backlash gears and harmonic drive systems have been introduced. However adding
a zero backlash gear cannot compensate the entire backlash
presented in a geared system as it can cancel the backlash
of the immediate meshing gears, and a harmonic drive will

Introduction

There are so many industries in the modern world, that get
the support of the power assisted drives and systems (1) . Many
of those industries are supported by robots to handle their major tasks. To obtain higher torques for the robots, motors having larger inertias are necessary to be used in general. Due
to the impracticality involved in it, geared drives are used
to achieve the required torque with small comparatively motors (2) (3) . However, adding gears will introduce the backlash
problem. If it is desired to obtain lighter weight robot designs, and improve the stability of force control by decreasing the inertia, thrust wires can be used to keep the actuator
and the end eﬀector apart (4) (5) . Similar to the spacing between
the meshing teeth create backlash in gears, the spacing between inner wire and outer tube creates backlash in thrust
wires. If the robot system is used to transmit the haptic information, backlash will become problematic in both geared
systems and thrust wired systems. Therefore compensation
for backlash is necessary.
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create low stiﬀness and non-linear friction eﬀects (22) . When
considering the thrust wire backlash, the construction of the
wire has accounted for its backlash problem. There is a space
between the inner wire and the outer tube of a thrust wire.
This gap allows the inner wire to bend inside the outer tube
when applied with a suﬃcient force, and will ultimately resulted in a backlash between the two endpoints of the thrust
wire. Therefore the motion transmission is aﬀected by the
spacing inside the wire (23) . Recently, there have been several attempts to compensate the backlash eﬀect (24) (25) in thrust
wires. However these attempts either use additional encoder
or force sensor at the end of the thrust wire or at the end effector, making it bulky for the light weighted robots where
necessary. Therefore a compensation for the backlash is essential for both geared drives and thrust wired systems.
The contribution of this paper is to propose a novel method
to realize backlash cancellation of gears and thrust wires by
using a unique control structure. The motivation of this research is to realize a backlash free motion transmission in
a bilaterally controlled system. This proposed method can
uniquely solve the backlash problem for both geared motor
drives and thrust wired systems. Therefore, the proposed
method can be especially used in the bilateral teleoperation
systems where backlash free motion transmission is essential. This method does not use any additional encoder or force
sensor at the end eﬀector. Instead, two identical counter operating drives are used. The proposed control structure can
keep the geared system or the thrust wired system interlocked
with each other to eliminate the backlash and operate in a
load sharing basis depend on the direction of operation. In
the experiments, master systems and slave systems are used
and they are controlled bilaterally. A direct drive was chosen
for the master robot that doesn’t contain the backlash. For the
slave side, two counter operating drives each having backlash
are used. Using the proposed control structure, the backlash
of the slave side is compensated and it was shown that the
proposed method works well. The haptic transmission was
taken place between the master robot and the end eﬀector of
the slave side through the bilateral control.
This paper is organized in the following manner. In the
Sect. 2, system modeling is explained. Acceleration based
control, four channel bilateral control together with disturbance observer, and system control are explained in Sect. 3.
Experimental results obtained for the gear backlash cancellation and thrust wire backlash cancellation together with discussion are shown in Sect. 4. This paper concludes in Sect. 5.
2.

Fig. 1. Gear backlash

Fig. 2. Cross section of the thrust wire
Table 1. Specification of the thrust wire used for the experiment

Fig. 3. Backlash due to pushing and pulling

wire used is shown in Fig. 2 and the measured dimensions of
the wire are listed in Table 1. There is an air gap exists between the inner wire and the outer tube of a thrust wire. The
outer tube guides the inner wire, so that both pushing and
pulling motion for the inner wire can be realized.
There are several reasons for the backlash to occur inside
a thrust wire. One reason is the clearance between the inner wire and the inner wall of the outer tube. This allows
the inner wire to bend inside the outer tube when the wire
is pushed. Since the inner wire consists of twisting several strands, the length of the inner wire is slightly shorter
than that of it when the wire is pulled by applying a tension.
Also, wire strands become more loosen and the wire becomes
shorter when the wire is pushed. This phenomenon is illustrated in the Fig. 3. If a bending of the thrust wire is concerned, the inner wire will be in diﬀerent positions inside the
outer tube depending on the applied force. This is shown in
Fig. 4. Above mentioned problems causes the backlash of the
thrust wire. When the backlash is present, it aﬀects the transmission of the position information from one end to the other.
This greatly aﬀects if the application considered is related to
the haptics or the transmission of tactile information. Especially when the thrust wire movement direction changes the
presence of the backlash causes a considerable position error.
Therefore a compensation for the backlash is necessary.
2.3 Proposal
The proposed method can uniquely

Modeling

2.1 Gear Backlash
Gear backlash is the presence of
space between the teeth of two meshing gears. This space occurs due to the imperfect meshing between the gear wheels.
This phenomenon is shown in Fig. 1. Here, one side of tooth
Q is in contact with tooth P, however the other side of the
tooth Q is not in contact with the tooth R of gear 1. Therefore there exist a space between the tooth Q and tooth R and
it is called as the gear backlash. This makes a problem of
transferring the position and torque if the velocity of either
driving wheel or driven wheel is changed.
2.2 Thrust Wire Backlash
Thrust wire consists of an
outer tube and an inner wire. The cross section of the thrust
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Fig. 6. Proposed solution for thrust wire case

Fig. 4. Backlash when bending

Fig. 5. Proposed solution for gear case

Fig. 7. Proposed method

cancel the backlash in both gear case and the thrust wire
case as it keeps the two slave drives in an interlocked state
by maintaining counteracting constant torque or force, while
operating in an output torque or force sharing principle.
In the gear case, a constant torque between the very first
gear to the very end gear is maintained by using two motor drives to achieve the backlash cancellation. The two motors apply constant counter acting torque, named “twisting
torque” over the gear system to eliminate the gaps presented
between the teeth of the gear wheels. The so called Twisting
torque is generated by twist control of the proposal. This enables the elimination of the complete backlash of the whole
cascaded gear system. The proposed controller is designed in
a way that the slave motors share the load torque of the slave
side based on the direction of rotation. This can also be considered as a modified case of tension control for the tendon
driven systems (26) (27) . This idea is illustrated in Fig. 5. Here,
slave 1 and slave 2 are the slave motors attached gears that are
counter operating. Slave1 gear and its adjacent green colored
gear represent the all the gears inside gearbox 1. Likewise,
the slave 2 gear and its adjacent green colored gear represent the all the gears inside the gearbox-2. For the modeling
purpose of this concept, the position measurement and the
torque measurement directions were used as positive in the
directions marked in the Fig. 5.
When considering the thrust wire case, the backlash of a
thrust wire does not aﬀect much for the performance, if the
thrust wire is used to apply a continuous action of either
pulling or pushing of an object. Considering this phenomena into account, two thrust wires of the slave actuators are
laid in parallel and kept one wire tensed and the other pushed
while the operation to cancel the backlash as shown in Fig. 6.
Here also, two slave actuators maintain a constant force to
keep the two thrust wires in an interlocked state while the
force is shared according to the direction of motion similar to
the gear backlash cancellation method.
Because of the similarity in operation, controlling of the
geared drive system and thrust wire system are achieved by
a similar control structure to uniquely cancel the backlash

problem of two systems.
2.4 Mathematical Modeling
For the convenience,
let us consider a cascaded gear system for the modeling.
Since there are two motor drive systems are supporting the
common load and a coupling between two motor drives is
also presented, detailed diagram for analysis can be illustrated as in Fig. 7. For the purpose of clarity, most important
gear tooth of the gears are only shown in the figure. Gear 1
of motor 1 (G1M1 ) is the gear that is directly attached to the
shaft of the Motor 1. G2M1 represents all the gears placed in
between G1M1 and the common gear (Gcom ). The other gears
represent the respective gears that belong to the motor 2.
According to the Fig. 7, equation for the motor 1 can be
written as,
J M1 θ̈ M1 + b M1 θ̇ M1 =

M1

M1
τ M1 − G1 τG1
.· · · · · · · · · · · · · (1)

Equations for gear 1 of motor 1 and gear 2 of motor 2 can be
expressed as,
M1 M1
M1 M1
M1
JG1
−
θ̈G1 + bG1
θ̇G1 = G1 τG1

M1
NG1
G2
M1
NG2

M1
τG2
, · · · · · · · (2)

M1 M1
M1 M1
M1
M1
JG2
− τcom
. · · · · · · · · · · · · · · (3)
θ̈G2 + bG2
θ̇G2 = G2 τG2

But,
M1
M1
θG1
= θ M1 and θG2
=

M1
NG1
M1
NG2

θ M1 .· · · · · · · · · · · · · · · · · · (4)

Therefore, the motor 1 equation can be rewritten as,
⎛
⎞
M1
NG1
⎜⎜⎜
⎟⎟
M1
⎝⎜ J M1 + JG1 + M1 JG2 ⎟⎠⎟ θ̈ M1
NG2
⎛
⎞
M1
NG1
⎜⎜⎜
⎟⎟
M1
M1
⎜
+ ⎝b M1 +bG1 + M1 JG2 ⎟⎟⎠ θ̇ M1 = M1 τ M1 −β1 τcom
,
NG2
· · · · · · · · · · · · · · · · · · · · (5)
And similarly, for the motor 2,
⎞
⎛
M2
NG1
⎟⎟
⎜⎜⎜
M2
⎝⎜ J M2 + JG1 + M2 JG2 ⎟⎠⎟ θ̈ M2
NG2
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⎛
⎞
N M2
⎜⎜
⎟⎟⎟
M2
M2
⎟ θ̇ = M2 τ M2 − β2 τcom
+ ⎜⎜⎝b M2 + bG1
+ G1
J
.
M2 G2 ⎠ M2
NG2
· · · · · · · · · · · · · · · · · · · · (6)
Where,
β1 =

M1
NG1
N M2
and β2 = G1 . · · · · · · · · · · · · · · · · · · · · · · (7)
Ncom
Ncom

For the common gear,
Jcom θ̈com + bcom θ̇com = τcom − τload
M1
M2
= τcom
− τcom
− τload · · · · · · · · · (8)

Fig. 8. Disturbance observer

Here,

Kτn I m − Jn q̈m = τdis = τd + ΔJ q̈m − ΔKτ I m .· · · · · (16)

M1
M2
− θcom
=
θcom = θcom

M1
NG1
N M2
θ M1 − G1 θ M2 .· · · · · · · (9)
Ncom
Ncom

Where, Kτ and Kτn are the real and nominal torque coeﬃcients and I m , J and Jn are the motor current, real and nominal inertia respectively. ΔJ = (J − Jn ) and ΔKτ = (Kτ − Kτn )
are the inertia variation and the torque coeﬃcient variation
while τd = (τfric + τload ) is the summation of friction and external disturbance respectively. Angle, velocity and acceleration of the motor is shown in qm q̇m and q̈m respectively. Disturbance is calculated from I m and q̇m and fed through a first
order low-pass filter with a cut-oﬀ frequency gdob to calculate
the estimated disturbance torque. Estimated disturbance τ̂dis
is given by,

For the simplicity, we can write,
 ∗

M1
J M1 θ̈ M1 + b∗M1 θ̇ M1 = M1 τ M1 − β1 τcom
, · · · · · · (10)
 ∗
 ∗
M2
M2
J M2 θ̈ M2 + b M2 θ̇ M2 = τ M2 − β2 τcom , · · · · · · (11)
Jcom β1 θ̈ M1 − β2 θ̈ M2 + bcom β1 θ̇ M1 − β2 θ̇ M2
M1
M2
= τcom
− τcom
− τload · · · · · · · · · · · · · · · · · · · · · · · · (12)

Take,
θ M1 =

M2
NG1

θ
M1 M2
NG2

= β3 θ M2 .· · · · · · · · · · · · · · · · · · · · · · · (13)

τ̂dis = τdis

Equation (16) illustrates the possibility of precise disturbance compensation if it stays within the bandwidth of lowpass filter of the DOB. Open loop transfer function of Fig. 8
can be given as,

Therefore, we can write:
∗
−1 ∗
−1
β−1
[( Jcom β1 + J M1
1 ) − (Jcom β2 + β2 J M2 β3 θ̈ M1
−1 ∗
−1
+[( bcom β1 + b∗M1 β−1
1 ) − (bcom β2 + β2 b M2 β3 θ̇ M1
M1
= β−1
τ M1 − τload · · · · · · · · · · · · · · · · · · · · · · · · · · · (14)
1

q̈m = α

And,

s
s + gdob cmd 1
q̈ −
τd ,· · · · · · · · · · (18)
s + αgdob
J s + αgdob

n Kτ
where, α = JJK
and s+αgs dob is the sensitivity function of the
τn
(28)
inner loop .
3.3 4-ch Bilateral Control
There are several bilateral control methods (29) . The basic idea in the bilateral control is to transmit force information and position information
between master robot and slave robot (30) . In this research,
acceleration based four-channel bilateral control is used. Acceleration is taken as for the control reference so as to make
it easier to control the two information, position and force at
the same time.
Control targets of bilateral control system are achieved by
position tracking between master robot xm and slave robot
x s with the law of action and reaction between the forces of
master and slave. These are represented in (3) and (4).

∗
−1 ∗
β−1
[( J com β1 + J M1
1 )β3 − (Jcom β2 + β2 J M2 )] θ̈ M2
∗
−1
∗
+[( bcom β1 + b M1 β1 )β3 − (bcom β2 + β−1
2 b M2 )] θ̇ M1
M2
= −β−1
τ M2 − τload . · · · · · · · · · · · · · · · · · · · · · · · · · (15)
2

3.

gdob
.· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (17)
s + gdob

Control

3.1 Acceleration Based Control
Very high stiﬀness
is necessary to realize a proper position control and in contrast, a very low stiﬀness is required for the force control. Robustness in control is necessary to obtain high performance in
motion control systems. Acceleration based control is a very
good approach to obtain robust control systems as it provides
uniformity of the motion control in the acceleration domain
and the robustness against the external disturbances and system uncertainties (22) .
3.2 Disturbance Observer
The Disturbance Observer (DOB) is used for the robust operation of the system
by compensating the disturbances as shown in Fig. 8 (20) . The
DOB can estimate the external disturbances and system uncertainties such as parameter variations, coupling and loading eﬀects. This estimated disturbance is fed forward to the
system to compensate the disturbance. The total disturbance
torque τdis can be calculated as,

xm − x s = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (19)
Fm + F s = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (20)
3.4 System Control
The indices used in the rest of
the paper and their meanings are shown in Table 2. For the
controlling of the system, following transformation matrices
were used. From the actuator space to the modal space the
position tracking and the law of action and reaction is also
to be realized. By considering the directions of torques and
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Table 2. Scripts used for concept modeling

Fig. 9. Control block diagram

angular position of Fig. 7, when both position and torque are
in the same direction it will be the joint torque. When the
torque and position are in the same directions, the torque will
be twisting torque. Based on that, the transformation matrix
TAJ can be written as (21). Also the transformation between
the modal space and the joint space has the twist control of
the two gear systems. Therefore the transformation matrices
can be written as (22).

1 −1
TAJ =
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (21)
1 1

1 1
T JM =
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (22)
1 −1

Here C p and Cτ denote position gain and torque gain respeccmd
tively. θdiﬀ
and τcmd
com are zero commands for the position of
the diﬀerential mode and the torque in the common modes
according to (3) and (4). For the slave manipulators,
1 1
1
cmd
res
res
θ̈ref
=
− θdiﬀ
+ Cτ τcmd
− C p θdiﬀ
com − τcom
s1
2
2
2



res
cmd

+ Ctwist (K s,twist τres
+
τ
)
−
τ
s, joint
s,twist
twist ,
· · · · · · · · · · · · · · · · · · · · (26)
and
θ̈ref
s2 =

Here TAJ denotes the transformation matrix between actuator space and the modal space. T JM denotes the transformation between modal space and joint space. TAJ is used to
transform the torque and the position responses of slaves to
the corresponding modal space parameters as shown in (7).
T JM is used to transform the modal space position and slave
responses of master and slave actuators to obtain the joint
space torque responses as shown in (8).
Therefore,
⎡ res
⎤
 ⎡ res res ⎤
⎢⎢τ s1 θres
1 − 1 ⎢⎢⎢τ s1 θ s1 ⎥⎥⎥
⎥⎥⎥
s1 ⎥
⎥
⎢
TAJ ⎢⎢⎣ res
=
⎦
1 1 ⎣τres −θres ⎦
τ s2 − θres
s2
s2
s2
⎤
⎡ res
∗ ⎥⎥⎥
⎢⎢⎢τ s, joint
= ⎢⎢⎣ res
⎥⎥⎦ , · · · · · · · · · · · · (23)
τ s,twist θres
s, joint

11
1
cmd
res
res
− θdiﬀ
− Cτ τcmd
C p θdiﬀ
com − τcom
2 2
2



res
cmd

+ Ctwist (K s,twist τres
+
τ
)
−
τ
s, joint
s,twist
twist .
· · · · · · · · · · · · · · · · · · · · (27)

Here, Ctwist is the twist constant and the eﬀect of generated
torque can be adjusted by changing K s,twist . τcmd
twist denotes
twist command. In both (26) and (27) last terms are meant
for the twist control. By using the twist control, a constant
twisting torque is maintained in between the two slaves to
cancel the backlash, as described in Sect. 2.3.
The control block diagram is shown in Fig. 9. Here, the
master, slave-1 and slave-2 consist of the Disturbance Observer (DOB) and the Reaction Torque Observe (RTOB) inside. The τres
s, joint value is multiplied by −1 if it is less than
zero, to get the modulus value to the Twist control part of the
controller.
Since the controller is based on acceleration, the transformed acceleration values from the modal space to the actuator space is sent as the inputs to the master and slaves
−1
through the inverse transformation matrix TAJ
. The outputs
of the transformation matrix T JM are fed back to the position
control part and the torque control part of the controller.
3.5 Analysis
The nominalized block diagram of a
slave motor 1 together with the coupling eﬀects can be illustrated as shown in Fig. 10. Because of the presence of the
disturbance observer, the eﬀect of internal disturbances and
the external disturbances will be cancelled oﬀ. Only the load
torque will be estimated by the reaction torque observer.
It is possible to easily show the sensitivity of the system to
the disturbance, since the sensitivity function is just the high

and,
⎡ res
⎤
⎤
 ⎡ res
res
res
⎢⎢⎢τm, joint θm,
⎢⎢⎢τm, joint θm,
⎥
⎥⎥⎥
1
1
joint ⎥
joint ⎥
⎥
⎥⎥⎦ =
⎢⎢⎣
T JM ⎢⎢⎣ res
⎥⎦
res
res
1
−
1
τ s, joint θres
τ
θ
s, joint
s, joint
s, joint

∗
τres
com
=
∗
θres . · · · · · · · · · (24)
diﬀ

The twist control is achieved in the diﬀerential mode while
the torque transmission for the bilateral control is achieved in
the common mode. Angular Acceleration reference for the
master manipulator in the joint space can be written as,
1
1
ref
cmd
res
cmd
res
θ̈m,
joint = C p θdiﬀ − θdiﬀ + C τ τcom − τcom .
2
2
· · · · · · · · · · · · · · · · · · · (25)
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Table 3. Parameter values

Fig. 10. Nominalized block diagram

for the proposed method and the conventional method. The
position responses of the master and slave and their errors
are compared in the figures to show the reduction of the
backlash errors of the proposed method. Also the corresponding torque/force responses obtained for the proposed
method are shown to confirm the achievement of bilateral
control between the master and the end eﬀector along with
the twist/thrust control.
4.1 Gear Backlash Cancellation
Figure 14 shows
the comparison of results obtained for the conventional
method and the proposed method under the free motion while
Fig. 15 shows the comparison of results obtained for the conventional method and the proposed method under the contact
motion.
For the free motion case there was about 3 times reduction
of the backlash on the proposed method over the conventional
method. The backlash error was almost less than 0.1 radians
in the proposed method while in the conventional case it was
about 0.3 radians. The angular position tracking between the
master and the end eﬀector was almost well followed in the
proposed method
The torque response graph of the free motion verifies the
achievement of the twist control in the proposed method. The
green and red lines are the torque responses of slaves and it
can be seen that the response value has a limit from which
the torque values of the two slaves do not go below to the
zero level. This verifies that the two slaves always maintained a counteracting torque keep the whole gear system in
a torsional state. Therefore the twist control is achieved. The
blue line shows the torque response of the end eﬀector, which
is the summation of the two torque responses of two slaves.
Pink line shows the torque response of the master, which is
almost equal and opposite of the blue line, i.e. the end eﬀector torque response. Therefore it validates the achievement
of low of action and reaction.
Since the position tracking and the achievement of low of
action and reaction are realized between the master and the
end eﬀector, the bilateral control is achieved in the free motion case.
In the contact motion there is a significant diﬀerence in
the error in the above two instances. When the contact motion angular position responses are concerned for both conventional method and the proposed method under the contact
motion in Fig. 15, it can be clearly seen the reduction of the
error up to three times than that of the conventional case. In
the conventional case the backlash is about 0.5 radians, while
in the proposed method, it is about 0.15 radians. As in the
case of free motion, the torque response figure corresponding
to the contact motion consists of the force responses of two

Fig. 11. Sensitivity of the system for external disturbance

pass filter of the nominalized model. Bode magnitude plots
of diﬀerent cutoﬀ frequencies are shown in Fig. 11.
4.

Results and Discussion

Experiments were carried out for both gear backlash cancellation and thrust wire backlash cancellation under the parameter values given in Table 3. For the gear backlash cancellation experiment, a planetary type gearbox having a speed
reduction ratio of 43:1 was used on behalf of the cascaded
gear arrangement. System assembly and the experimental
setup for the gear experiment are shown in Fig. 12(a) and
Fig. 13(a) respectively while Fig. 12(b) and Fig. 13(b) show
those of the thrust wire experiment. The system assembly of
the gear experiment consists of three encoder attached geared
rotary motors with two actuators as slaves and the other as the
master. The master actuator is used to interact with the end
eﬀector through bilateral control. The two slave geared motors are connected together in a way that they are coaxial as
shown in Fig. 12(a). The thrust wire system assembly consists of three linear motors with two actuators as slaves. Here
also, the master actuator is used to interact with the end effector. The two slave motors are connected to the two thrust
wires which are clamped in parallel as shown in Fig. 12(b).
In the conventional method experimental case, one slave
actuator is used. The experiments were carried out for both
free motion and contact motion. For the thrust wire setup, the
experiment was carried out for two cases as 0 degree case and
90 degree case with a bending radius of 300 millimeters. In
all the experimental cases of both gear and thrust wire backlash cancellation, the master manipulator was moved in the
periodic motion and observed the motion of the end eﬀector
519

IEEJ Journal IA, Vol.4, No.5, 2015

Gear and Thrust Wires Backlash Compensation in Teleoperation（D Kasun Prasanga et al.）

(a) Gear backlash cancellation

(b) Thrust wire backlash cancellation

Fig. 12. System assembly and experimental cases

(a) Gear case

(b) Thrust wire case

Fig. 13. Experimental setups

(a) Conventional method: position response

(b) Proposed method: position response

(c) Proposed method: torque response

Fig. 14. Experimental results of free motion

As the position tracking and the achievement of low of action and reaction are realized between the master and the end
eﬀector in the contact motion also, the bilateral control is
achieved.

slaves, end eﬀector and the master. As described in the free
motion case, here in the contact motion also the achievement
of the twist control and the low of action and reaction are
realized.
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(a) Conventional method: position response

(b) Proposed method: position response

(c) Proposed method: torque response

Fig. 15. Experimental results of contact motion

that of the conventional case. Therefore it is evident that this
proposed method contributes for the reduction of the backlash error up to five times in each case. Especially in Fig. 17,
the increment of the error between the master and the end effector in the contact motion for the conventional method is
clearly visible. Even at that instance the proposed method
shows good position tracking, making the error to be a minimum.
When the force responses for the proposed method of master and two slaves in each case are considered, it is clear that
the force values of the two slaves always manage a constant
force value from which the force value does not go below.
This verifies the achievement of the thrust control for this
proposed method. Since the master response is equal and
opposite to the summation of the force responses of the two
slaves, it verifies the theory that was built for the proposal
and also it verifies the achievement of bilateral control between the master and the end eﬀector.
4.3 Experiments of Frequency Response
As explained in the above sections, similar control structure was
used to compensate the backlash of geared drives and the
thrust wired systems. To evaluate the performance of the
system, position and force responses under diﬀerent frequencies were obtained by carrying out the experiments on thrust
wire setup. Experiments were carried out by applying sinusoidal input signals having the frequencies of 0.5 Hz, 1 Hz,
2 Hz, 3 Hz and 5 Hz under position control and force control.
Transmissibility of the force and position tracking between
the master and the end eﬀector is considered to visualize and
evaluate the performance of the system. Force applied on
the system and the force observed at the end eﬀector is plotted under the force control results given in Fig. 18. Also, for
the position responses, the position of the master manipulator and the position of the end eﬀector is plotted as in Fig. 19.
The red lines show the corresponding parameter of the master

Therefore it is evident that this proposed method contributes for the reduction of the backlash error up to three
times than that of the conventional case in both free motion
and contact motions under bilateral teleoperation.
4.2 Thrust Wire Backlash Cancellation
The same
control system that was used to cancel the backlash of the
geared systems can also be used to cancel the backlash by
changing the torques and the angular position to force and
the position respectively for this case. It is possible to do so,
due to the similarity of the modeling of the two systems and
their concepts from the inception. Therefore, it is possible
to solve the backlash problem of the thrust wires quite similar to the gear backlash cancellation with a unique control
structure.
Figure 16 shows the comparison of results obtained for the
conventional method and the proposed method, i.e. the 0 degree case while Fig. 17 shows the comparison of results obtained for the conventional method and the proposed method
under the case 2, i.e. the 90 degree case.
Even under these cases, the responses of the position and
force were considered for free motion and the contact motion.
For the non-contact motion of both cases there was not any
significant error diﬀerence in the backlash even with only the
single thrust wire. The position tracking between the master
and the end eﬀector was almost well followed. This is because of the lower force acting against the movement of the
inner wire even in the single wire instance. However if the
error diﬀerence is carefully analyzed it can be seen that there
is an improvement of about 4 times in the error reduction for
the proposed method.
In the contact motion there is a significant diﬀerence in the
error in the above two instances. When the contact motion
position responses are concerned for both 0 degree case and
the 90 degree cases in Fig. 16 and Fig. 17 respectively, it can
be clearly seen the reduction of the error up to five times than
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(a) Conventional method: free motion position
response

(b) Proposed method: free motionposition response

(c) Proposed method: free motion force response

(d) Conventional method: contact motion position response

(e) Proposed method: contact motion position response

(f) Proposed method: contact motion force response

Fig. 16. Experimental results of 0 degree case

(a) Conventional method: free motion position
response

(b) Proposed method: free motion position response

(c) Proposed method: free motion force response

(d) Conventional method: contact motion position response

(e) Proposed method: contact motion position response

(f) Proposed method: contact motion force response

Fig. 17. Experimental results of 90 degree case

the backlash compensation under diﬀerent frequencies that
enabling the system to show good performance in the haptic
applications.

while the green lines show the corresponding parameter of
the slave manipulator.
From the force control results, it can be seen that the results
corresponding to the proposed method have better performance than that of the case where the backlash is presented.
It is clearly seen that the glitch generated at the mechanical
engagement inside the system is disappeared in the proposal.
However still there is an error due to the non-linear frictional
eﬀects of the system which is not considered under the scope
of this study.
Also the position control responses show very good position tracking between the master and the end eﬀector. The
error due to the backlash is almost negligible in the results
obtained for the proposed method.
Therefore, it is clear that the proposed method guarantees

5.

Conclusion

This paper proposed a novel backlash cancellation method
that can be used to cancel the backlash presented in both
geared drive systems and thrust wired systems. The backlash cancellation for both cases were achieved by a unique
control method and the experiments have been carried out.
This method does not use any additional force sensor or encoder at the end eﬀector. Instead, this method uses two identical counter operating drives. These drives maintain the
system in an interlocked state by applying equal and opposite torque/force and the load at the common end eﬀector is
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(a) Conventional method: 0.5 Hz

(b) Conventional method: 1 Hz

(d) Conventional method: 3 Hz

(e) Conventional method: 5 Hz

(f) Proposed method: 0.5 Hz

(g) Proposed method: 1 Hz

(i) Proposed method: 3 Hz

(c) Conventional method: 2 Hz

(h) Proposed method: 2 Hz

(j) Proposed method: 5 Hz

Fig. 18. Force response results of diﬀerent frequencies

shared by each actuator depend on the direction of operation.
These two drives operate as slaves for the bilateral operation
and the haptic transmission was taken place between the master manipulator and the common end eﬀector. Results obtained by the proposed method for both gear case and thrust
wire case are compared with the results of their conventional
methods of operation. The results of the experiments witness the reduction of backlash that was uniquely achieved by
the proposed control method in both cases. Also the experiments carried out for diﬀerent frequencies ensures good performance of this proposed system for diﬀerent frequencies.
This method is advantageous in the teleoperation in which
case, it is mandatory to have a backlash free motion transmission to ensure proper reproduction of haptic information
at the master side.
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